Carcinoids are neuroendocrine neoplasms that cause significant morbidity and mortality and for which few effective therapies are available. Given the recent identification of the anticancer flavonoid chrysin, we sought to investigate its therapeutic potential in carcinoids. Here we report chrysin's ability to modulate the achaete-scute complex-like 1 (ASCL1), a neuroendocrine-specific transcription factor highly implicated in the malignant phenotype of carcinoids and other neuroendocrine cancers. Moreover, we elucidate the role of ASCL1 in carcinoid growth and bioactivity. Treatment of two carcinoid cell lines (BON and H727) with varying chrysin concentrations suppressed cell proliferation, while reducing expression of ASCL1 and the neuroendocrine biomarker chromogranin A (CgA), demonstrated by western blotting. Propidium iodide and phycoerythrin AnnexinV/7-aminoactinomycin D staining and sorting following chrysin treatment revealed S/G2 phase arrest and apoptosis, respectively. This was corroborated by chrysin-induced cleavage of caspase-3 and poly ADP-ribose polymerase and activation of p21 Waf1/Cip1 . Furthermore, direct ASCL1 knockdown with an ASCL1-specific small interfering RNA inhibited CgA and synaptophysin expression as well as carcinoid proliferation, while also reducing cyclin B1 and D1 and increasing p21
INTRODUCTION
Carcinoids comprise a rare heterogeneous subset of neuroendocrine tumors that originate from the diffuse enterochromaffin cells of the foregut, midgut or hindgut endocrine system, and in rare instances the pancreas. These tumors occur most frequently in the small intestine, making up approximately 2% of malignant gastrointestinal tumors, followed by those of bronchopulmonary origin. 1 Carcinoids occur in approximately 5 in every 100 000 individuals, either sporadically or as part of familial neoplastic syndromes. 2, 3 Survival rates of these tumors are dependent on both location and disease progression. For patients with gastrointestinal carcinoids, 5-year survival rate for all sites is approximately 70%. 4 In patients with pulmonary carcinoids, survival rates depend on tumor type, with typical tumors conveying a 87% 5-year survival rate or greater, while atypical pulmonary carcinoids faring worse with survival rates of near 25%. 5 As expected, patients with metastatic disease have poorer survival rates than those with localized disease and present complex challenges in clinical management. Carcinoid cancers can lead to significant morbidity owing to the secretion of bioactive hormones, most commonly serotonin, which can cause flushing of the skin, abdominal cramping, bronchoconstriction and right-sided heart failure. Carcinoid metastasis to the liver is common and second only to colorectal carcinoma. The carcinoid syndrome presents consequent to hepatic metastasis or owing to carcinoids with bronchial involvement, which account for about 5-8% of cases. 6, 7 Although surgical resection offers the only potential cure for localized carcinoid disease, the majority of patients present with metastatic disease at the time of diagnosis rendering surgery ineffective. 6, 8 Unfortunately, no proven curative therapies are available for patients with advanced carcinoid tumors. 9, 10 Although somatostatin analogs such as octreotide are effective in controlling symptoms, their long-term use can frequently lead to tachyphylaxis. 11 The morbidity and mortality of carcinoid tumors and lack of successful treatments emphasize the need to better elucidate molecular mechanisms that underlie carcinoid cell growth and progression.
Carcinoids, similar to other neuroendocrine tumors, overexpress a variety of biomarkers, including a secreted acidic glycopeptide chromogranin A, synaptophysin and seratonin. In addition, they highly express the achaete-scute complex-like 1 (ASCL1), an evolutionarily conserved basic helix-loop-helix transcription factor that is tissue specific to carcinoids and tumors of neuroendocrine origin. [12] [13] [14] [15] [16] [17] [18] [19] [20] ASCL1 serves as a key regulator in the normal development of neuroendocrine cells, including parafollicular C-cells, adrenal medullary chromaffin cells and pulmonary endocrine cells. [21] [22] [23] [24] Expression of ASCL1 in carcinoids is markedly inhibited by targeted suppression of the oncogenic pathway phosphoinositide-3 kinase-AKT or induction of Raf-1 and Notch1, thereby suppressing proliferation and the malignant phenotype. [25] [26] [27] [28] Notch1 exerts tight control over ASCL1 as it has been shown to negatively regulate its expression during normal neuronal development and in other neuroendocrine cancers, such as medullary thyroid cancer and small cell lung cancer. [29] [30] [31] [32] [33] [34] [35] [36] Therefore, ASCL1 may have a critical role in carcinoid cell 1 bioactivity. Furthermore, identifying novel agents that suppress ASCL1 activity may show promise against carcinoid tumorigenesis.
Accumulating reports on novel anticancer therapies have revealed that the compound chrysin (5,7-dihydroxyflavone), a naturally occurring flavonoid, exerts pro-apoptotic and cell-cycle modulatory effects in a variety of malignancies, including melanoma, colorectal cancer, cervical cancer, esophageal cancer, gliomas, anaplastic thyroid cancer and leukemia cell lines. [37] [38] [39] [40] [41] [42] [43] [44] Chrysin, along with other flavones, has been described to possess potent anti-inflammatory, antioxidative, and antiproliferative effects. 45, 46 Notably, chrysin has been described for its ability to activate Notch1 and suppress cell growth in anaplastic thyroid cancer cell lines. 39 However, its effect has not yet been described in the context of carcinoids or neuroendocrine cancers. Given chrysin's proven anticancer properties, and its ability to activate Notch1, a known suppressor of ASCL1 in neuroendocrine cancers, we sought to explore the potential of chrysin to modulate ASCL1 expression and exert a therapeutic effect on carcinoids. We also sought to investigate whether direct suppression of ASCL1 could reduce carcinoid cell proliferation and the neuroendocrine phenotype.
In this study, we report for the first time that chrysin suppresses carcinoid cell proliferation and ASCL1 expression through the induction of apoptosis and cell-cycle arrest. We also show that specific gene silencing of ASCL1 arrests carcinoid cell growth and induces cell-cycle arrest markers p21
Waf1/Cip1 and p27 Kip1 while suppressing the production of neuroendocrine phenotypic markers.
MATERIALS AND METHODS

Cell culture and chrysin treatment
Human GI carcinoid cancer cells (BON) were provided by Dr B Mark Evers and Dr Courtney M. Townsend, Jr (University of Texas Medical Branch, Galveston, TX, USA), and bronchopulmonary carcinoid (H727) cells were purchased from the American Type Culture Collection (Manassas, VA, USA). BON cells were maintained in Dulbecco's modified Eagle's medium/ F-12 (Life Technologies, Grand Island, NY, USA) and H727 cells were maintained in RPMI/F-12 (Life Technologies), both as previously described. Both media were supplemented with 10% fetal bovine serum (Sigma-Aldrich, St Louis, MO, USA), 100 IU ml − 1 penicillin and 100 μg ml − 1 streptomycin (Life Technologies). Both cell lines were incubated in a humidified atmosphere of 5% CO 2 at 37°C. Chrysin was purchased from MP Biomedicals (Solon, OH, USA) and dissolved in dimethyl sulfoxide (DMSO) at a 100 mM stock concentration. Aliquots were stored at − 80°C and freshly thawed prior to treatment. Cell treatments were conducted by plating cells at sub-confluency and allowing them to adhere overnight. The next day, cells were incubated in fresh medium containing chrysin (1-100 μM) for up to 6 days. DMSO concentrations were equalized across all chrysin treatment groups (100 μM DMSO).
Immunoblot analyses
Total cell lysates were prepared and analyzed for protein expression by western blotting. Treated cells were first washed with 1 × phosphatebuffered saline (PBS), scraped and collected into sterile tubes, centrifuged to pellet form and then lysed in sample buffer (50 mM Tris, 0.15 M NaCl, 0.5% Na/deoxycholate, 0.1% sodium dodecyl sulfate, 1% Nonidet P-40, 0.1% protease inhibitor cocktail and 0.6 mM phenylmethanesulfonylfluoride or phenylmethylsulfonyl fluoride). A bicinchoninic acid assay (Pierce, Rockford, IL, USA) was used to determine the quantity of total cellular protein in each sample. Subsequently, these samples were denatured and resolved on 7. , cyclin D1, phosphorylated cdc2 (tyrosine 15), total cdc2, cleaved poly-ADP-ribosyl polymerase, total caspase-3, cleaved caspase-3 and β-actin (Cell Signaling Technology, Beverly, MA, USA). Following incubation in primary antibody, membranes were washed 3 × 5 min in PBS-T wash buffer (1 × PBS, 0.05% Tween 20) . Blots were then incubated in either anti-rabbit or anti-mouse secondary antibodies (Pierce), which were conjugated to horseradish peroxidase depending on the source of the primary antibody. Membranes were washed for 3 × 5 min or 3 × 10 min in PBS-T wash buffer. Supersignal West Pico, Femto, Dura (Pierce) or Immunstar (Bio-Rad Laboratories) kits were then used to develop the membranes according to the manufacturers' instructions. Chrysin treatments lasted for 2 days and ASCL1-siRNA treatments lasted for 2, 4 or 6 days before proteins were harvested. All immunoblots were repeated to ensure reproducibility and we show the most representative findings.
Quantitative real-time PCR of ASCL1 and NOTCH1 message levels Following treatment with chrysin (1-100 μM) for 2 days, RNA was isolated using an RNeasy Mini-kit (Qiagen, Valencia, CA, USA) according to the manufacturer's directions and quantified using NanoDrop instrumentation (Thermo Scientific, Waltham, MA USA). Using 2 μg of RNA per sample, cDNA was synthesized with the iScript cDNA Synthesis Kit (Bio-Rad Laboratories). ASCL1 sequence primers were generated using a random primer labeling kit (New England Biolabs Inc., Beverly, MA, USA). The Notch1 primer sequences were as follows: forward, 5′-GTCAACG CCGTAGATGACCT-3′ and reverse, 5′-TTGTTAGCCCCGTTCTTCAG-3′. GAPDH was used as a housekeeping control to which ASCL1 and NOTCH1 messages were normalized. The GAPDH primer sequences were as follows: forward, 5′-ACCTGCCAAATATGATGAC-3′ and reverse, 5′-ACCTGGTGC TCAGTGTAG-3′). Quantitative real-time PCR reactions were performed using MyiQ Thermal Cycler (Bio-Rad Laboratories). Each reaction was plated in triplicate. Assay RNA expression levels were calculated using the comparative cycle threshold method (ΔCt) method, as described in the Real-Time PCR Applications Guide (Bio-Rad Laboratories). Once normalized to GAPDH, relative ASCL1 expression for each treatment group was plotted as a mean ± s.e.m.
Cell-cycle distribution analysis by propidium iodide staining Following chrysin treatment for 2 days (0-100 μM), BON cells were trypsinized, pelleted and resuspended in chilled 1 × PBS, twice. Next, cell pellets were resuspended in chilled 95% ethanol and fixed at − 20°C for at least 2 h. Fixed cells were then pelleted and washed in 1 × PBS twice and resuspended in a solution containing 33 μg ml − 1 of propidium iodide solution (Sigma-Aldrich), 1 mg ml − 1 RNase A (Life Technologies) and 0.1% Triton X100 (Sigma-Aldrich) in 1 × PBS. Cells were then stored in the dark at 4°C overnight and then quantitatively sorted based on their flourescent signal using the FACSCalibur (BD Biosciences, San Jose, CA, USA) fluorescent-activated cell sorting instrumentation. ModFit (Verity SoftwareHouse, Topsham, ME, USA) software was used to interpret quantitative outputs and determine the proportion of cells in each sample in the G1, S and G2 phase of the cell cycle. Data from three biological replicates of this experiment were averaged and graphed as mean ± s.e.m.
Detection of apoptosis by phycoerythrin (PE) Annexin V/7-aminoactinomycin D (7-AAD) staining Fluorescent-activated cell sorting was also used to determine the proportion of cells entering apoptosis following chrysin treatment using a PE Annexin V and 7-AAD Apoptosis Detection Kit I (BD Pharmingen, San Jose, CA, USA). Cells were harvested using Cellstripper (Cellgro, Manassas, VA, USA), a nonenzymatic cell dissociation solution, and floating cells were harvested as well. Cells were pelleted and resuspended in 1 × PBS twice and then resuspended in binding buffer (10 mM HEPES/NaOH, pH = 7.4, 140 mM NaCl and 2.5 mM CaCl 2 ) at 1 × 10 6 cells ml − 1 . Next, cell suspensions were incubated in PE Annexin V and 7-AAD fluorescein solutions for 15 min in the dark at room temperature and sorted using the FACSCalibur. Cell distributions were determined using the FlowJo v10.0.8 software (TreeStar, Inc., Ashland, OR, USA). Three biological replicates of this experiment are presented as mean ± s.e.m.
ASCL1 gene silencing
Transient knockdown of ASCL1 expression was performed in BON and H727 cell lines. A pool of four gene-specific small interfering RNA (siRNA) sequences against ASCL1 (catalog no. sc-37692, Santa Cruz Biotechnology, Inc.) and a nonspecific-siRNA (catalog no. sc-37007, Santa Cruz Biotechnology, Inc.) as a negative control were dissolved in media containing Lipofectamine 2000 (Life Technologies) as per the manufacturer's instructions, and added dropwise to plated cells. Cells were treated with concentrations of siRNA ranging from 0 to 40 nM. The third treatment group included cells treated with Lipofectamine 2000 alone, serving as a control. Cells were allowed to incubate overnight and media was replaced the following day. Cells were harvested for western blotting or assessed for viability by assay 2, 4 or 6 days after transfection.
Cell proliferation assay
Carcinoid cell viability was determined using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT; Sigma-Aldrich) rapid colorimetric assay. BON and H727 cells were plated in 24-well plates and allowed to adhere overnight. Cells were then either treated with varying doses of chrysin for 2 days (0-100 μM) or transfected with either the ASCL1-siRNA or a nonspecific control vector. Each treatment group was plated in quadruplicate. In order to determine cell viability for a given day, media in each well receiving treatment was replaced with 250 μl of serumfree media containing 0.5 mg ml − 1 MTT. Plates were then incubated at 37°C for 3.5 h followed by the addition of 750 μl of DMSO (Fischer Scientific, Pittsburgh, PA, USA). The optical densities of each well were measured at 540 nm using a spectrophotometer (μQuant, Bio-Tek Instruments, Winooski, VT, USA). MTT readings were taken 2, 4 and 6 days following chrysin treatment or ASCL1 gene silencing. Quadruplicate optical densities were averaged for each treatment group and presented as ± s.e.m.
Statistical analysis
A two-tailed Student's T-test was used to determine statistical significance using Microsoft Excel for Mac 2011 (Microsoft, Redmond, WA, USA). A Po0.05 was the applied cutoff to qualify as significant.
RESULTS
Chrysin dose dependently suppresses BON and H727 cell proliferation as well as ASCL1 expression In order to determine the therapeutic range of chrysin, we conducted a cell viability assay following treatment with chrysin dosages ranging from 0 to 100 μM. BON and H727 cells were allowed to grow in treatment over a 6-day period, with treatment replenished every 2 days to ensure drug potency. Figure 1 shows that chrysin treatment caused a dose-dependent reduction in BON ( Figure 1a ) and H727 (Figure 1b ) cell proliferation over a 6-day period. In BON cells, the shortest time point of 2 days was sufficient to achieve a significant reduction in cell proliferation with the lowest tested dose of 25 μM chrysin (P o0.0001). H727 sensitivity to chrysin treatment became statistically significant with 75 μM of chrysin treatment by as early as the second day of treatment (P = 0.03). By the sixth day of treatment, BON cells treated with 100 μM of chrysin experienced 81.3% suppression in proliferation ( Figure 1a ) and identically treated H727 cells exhibited a 78.9% suppression in proliferation compared with controls ( Figure 1b) . Parallel treated BON and H727 cells were immunoblotted for protein levels of ASCL1 and CgA. Increasing concentrations of chrysin dose dependently inhibited ASCL1 expression as well as CgA levels in both cell lines. Chrysin's ability to activate Notch1 signaling, a negative regulator of ASCL1, led us to compare the effect of drug treatment on Notch1 with its effect on ASCL1 expression. BON cells treated with 50 and 100 μM of chrysin exhibited steadily reduced levels of ASCL1 message as expected (P = 0.01 and P = 0.002, respectively), while Notch1 message increased 7.8-fold following 100 μM chrysin administration (P o 0.001) (Figure 1d and e).
Chrysin treatment induces S/G2 phase cell-cycle arrest Chrysin has been described as a profound inhibitor of cell-cycle transit in a variety of cancer types, including melanoma, esophageal, colorectal and gliomas. [41] [42] [43] [44] In carcinoids, ASCL1 suppression has also been strongly associated with an arrest in cell-cycle progression. [47] [48] [49] [50] Therefore, we aimed to determine the effect of chrysin treatment on carcinoid cell-cycle kinetics. Flow cytometry analysis of propidium iodide-stained cells revealed a profound accumulation of S-and G2-phase-arrested cells with 50 and 100 μM of chrysin treatment accompanied by a dramatic reduction in G1 phase cells (P o0.001; Figure 2a and b) . Figure 2a shows an independent experimental replicate of chrysin's effect on cell-cycle phase populations, while the average is shown in Figure 2b . We next explored the effect of chrysin treatment on the expression of the cyclin family protein cyclin D1, which is required for cell-cycle transit, and demonstrated a dose-dependent reduction in its expression in BON cells. 51 Western analysis also revealed that chrysin caused a dose-dependent induction in p21
Waf1/Cip1 . In the currently accepted model, p21 Waf1/Cip1 binds and inhibits the activity of cyclin-dependent kinase 2 complexes, which are necessary regulators of cell-cycle progression. 52, 53 Finally, we observed that chrysin administration increased the phosphorylation of the cell division cycle protein 2 homolog (cdc2) at tyrosine 15, while total levels of cdc2 stayed constant. Because entry into mitosis requires cdc2 dephosphorylation at Tyr15 and Thr14, the observed increase in phospho-cdc2 indicates a halt in carcinoid cell division. [54] [55] [56] Altogether, these data signify the occurrence of cell-cycle arrest in response to chrysin treatment.
Chrysin treatment induces apoptosis in BON carcinoid cell line It has been shown that chrysin exerts its antiproliferative effect in a variety of cancers in part by inducing apoptosis. [37] [38] [39] [40] Although this has not yet been described in carcinoids, it has been observed that ASCL1 suppression in carcinoids occurs concurrently with activation of the apoptotic cascade.
27,57-59 Given chrysin's ability to suppress ASCL1, we sought to explore the mechanism of growth inhibition achieved by chrysin treatment. Figure 3a shows cell distribution from one experimental replicate of PE Annexin V/7 AAD-stained cells treated with chrysin. We sorted and quantified the population of cells in each treatment group undergoing apoptosis (upper right quadrant), those in the preapoptotic phase (lower right quadrant), those undergoing necrosis (upper left quadrant) and those that were still viable in the face of chrysin treatment (lower left quadrant). Staining and sorting was repeated thrice and averaged in Figure 3b . We demonstrate that while BON cells receiving no treatment comprised 8.82% apoptotic cells, chrysin treatments of 50 and 100 μM significantly increased apoptotic cell populations to 13.7% (P = 0.02) and 24.1% (P = 0.03), respectively (Figure 3b) . Expectedly, the populations of viable cells steadily decreased with increasing chrysin treatment, as shown in the representative replicate Figure 3a . Interestingly, the effect on preapoptotic cell populations did not change significantly. In order to verify the induction of apoptosis by chrysin treatment, we investigated its effect on the the terminal steps of the apoptotic cascade, which include poly ADP-ribose polymerase (PARP) and caspase-3 protein cleavage. Figure 3c shows a profound induction in immunoprobed levels of cleaved PARP and caspase-3 with 50 and 100 μM of chrysin treatment, while total levels of caspase-3 were steadily reduced with increasing drug concentrations.
ASCL1 silencing suppresses carcinoid cell proliferation and reduces bioactive hormone production Chrysin's ability to suppress ASCL1 expression while inducing apoptosis and cell-cycle arrest led us to investigate the role of ASCL1 on carcinoid tumor biology. To do this, we directly silenced ASCL1 using a specific siRNA and assessed the subsequent effect on carcinoid cell proliferation and neuroendocrine marker expression. BON cells were treated with an ASCL1-specific siRNA, the equivalent amount of a nonspecific-siRNA as a negative control or an equivalent concentration of Lipofectamine 2000 without any siRNA. The concentration of siRNA required to achieve complete suppression of ASCL1 was 40 nM. Following 2, 4 and 6 days after the given treatment, the resultant cell viability from each group was determined by MTT assay. On each day, parallel treated cells were prepared and assessed for ASCL1 expression by western blotting. On day 2 following treatment, cells transfected with the ASCL1-siRNA did not significantly differ in cell viability relative to treatment groups given the nonspecific-siRNA or Lipofectamine 2000 alone (Figure 4a ). At day 2, ASCL1 gene expression was completely silenced in the ASCL1-siRNA-treated group while still present in both controls (Figure 4b ). By the fourth day following treatment, ASCL1 silencing was sustained among the ASCL1-siRNA-treated cells, and notably, cell proliferation was significantly reduced (P = 0.02) to 70.4% of the untransfected treated cells receiving Lipofectamine 2000 alone. Furthermore, the ASCL1-silenced cells only grew 1.9-fold relative to their density on the day of transfection, while the nonspecific-siRNA-treated cells and the lipofectamine-treated cells grew 3.0-and 2.8-fold, respectively. By the sixth day following siRNA silencing, ASCL1 still appeared to be suppressed relative to controls. The effect of ASCL1 depletion on cell proliferation was most profound by this time point, increasing to only 60.2% of those receiving no siRNA treatment. ASCL1 silencing caused BON cells to only grow by 3.2-fold while treatment with the nonspecific-siRNA or Lipofectamine 2000 alone allowed cells to proliferate 4.8-and 5.3-fold, respectively. Comparing the growth of the ASCL1-silenced treatment group with the proliferative fold increase of the Lipofectamine 2000-treated cells 6 days following transfection generated a P-value of 0.02 (Figure 4a) . It has been shown that inhibition of ASCL1 by antisense oligonucleotides leads to a reduction in neuroendocrine markers in small cell lung cancer and medullary thyroid cancer. 12, 29 Given this relationship between ASCL1 expression and neuroendocrine hormones, we were led to investigate the effect of ASCL1 silencing on the expression of acidic glycopeptide CgA. We were able to demonstrate that steadily decreasing levels of ASCL1 expression, achieved by increasing concentrations of ASCL1-siRNA from 0 to 40 nM, caused a proportional reduction in CgA levels (Figure 4c ). ASCL1-siRNA treatments lasted for 2 days. Importantly, no effect on ASCL1 or CgA expression were observed in the nonspecificsiRNA-treated cells relative to cells receiving Lipofectamine 2000 alone. Along with CgA, carcinoids are known to co-secrete the presynaptic integral membrane protein synaptophysin (SYP). [60] [61] [62] Together, SYP and CgA are important prognositic indicators for patients with carcinoid malignancies. 60 In order to investigate the role of ASCL1 expression on SYP, we subjected both BON cells and the H727 pulmonary carcinoid cell line to either 40 nM of ASCL1-silencing siRNA, the same concentration of a no-target siRNA treatment or the equivalent concentration of Lipofectamine 2000 alone for 2 days before proteins were harvested and western blotting was performed. Figure 5a shows that basal levels of SYP were abundantly present in both cell lines. However, ASCL1 knockdown resulted in a reduction in the expression of SYP along with CgA in both BON and H727 cells. Those cells receiving the nonspecific targeted siRNA exhibited no effect on ASCL1, SYP or CgA relative to cells receiving no siRNA but only Lipofectamine 2000.
ASCL1 knockdown induces cell-cycle arrest in BON and H727 cell lines Following our observation that ASCL1 is critical for both cell proliferation ( Figure 4 ) and production of NE markers in two carcinoid cell lines (Figure 5a ), we next sought to elucidate the role that this transcription factor has in promoting cell survival. Following silencing of ASCL1 with 40 nM of ASCL1-siRNA, BON and H727 cells were examined for their expression levels of p21 Waf1/
Cip1
, p27 Kip1 , cyclin B1 and cyclin D1 using western blotting analysis. Determining levels of these proteins would allow us to assess the effect of ASCL1 suppression on cell-cycle kinetics in both BON and H727. In both cell lines, ASCL1 suppression caused an elevation in levels of p21
Waf1/Cip1 as well as p27 Kip1 , both of which behave as tumor suppressors by binding cyclin-dependent kinase complexes and enforcing restriction points during the cell cycle. 52, 53, 63 In addition, ASCL1 silencing led to the inhibition in the expression of cyclins B1 and D1 relative to both controls, further suggesting the induction of cell-cycle arrest (Figure 5b) . Together, cyclin B1 and D1 are necessary for activating cyclin-dependent kinases and allowing for cell-cycle progression. 51, 64 Collectively, these results indicate that ASCL1 may regulate carcinoid cell growth through inducing cell-cycle arrest. Hence, targeted inhibition of ASCL1 may contribute to the anticancer effects of chrysin and other such agents in carcinoids.
DISCUSSION
The evolutionarily conserved ASCL1 is a basic helix-loop-helix transcription factor fundamental to early neurogenesis in Drosophila melanogaster and mammals. 65, 66 Within its neurogenic role, ASCL1 has been implicated in normal development of adrenal chromaffin and pulmonary endocrine cells, parafollicular C-cells and enteric neurons. [21] [22] [23] [24] Several studies also describe the role of ASCL1 in accelerating the differentiation of endocrine cells in the developing stomach and gut, underscoring its importance during gastrointestinal organogenesis. 35, 36 Tight control of ASCL1's temporal expression is thus necessary for normal neuroendocrine development. On this basis, ASCL1's link to human diseases of neuroendocrine origin has also been explored. Constitutive expression of ASCL1 has been shown to be an intrinsic feature of neuroendocrine cancers, such as pheochromocytomas, small cell lung cancer, retinoblastoma, medullary thyroid cancer and carcinoids. 12, 13, 16, [18] [19] [20] Despite their difference in organ of origin, these cancers share the neuroendocrine phenotype, which likely reflects their neuroendocrine precursors. ASCL1 expression has been described as a key determinant of neuroendocrine characteristics that define these -- Kip1 expression, as demonstrated by western blotting, therefore suggesting the occurrence of cell-cycle arrest. Cells receiving the NS-siRNA experienced no effect on levels of any of these markers (b).
malignancies. 16, 18 Non-neuroendocrine cancers lack detectible ASCL1, and moreover, silencing of ASCL1 effectively represses neuroendocrine marker production in cancers arising from this origin such as small cell lung cancer. 12 Therefore, we hypothesized that inhibiting ASCL1 could suppress the carcinoid neuroendocrine phenotype and serve as a potential therapy for these cancers.
Repressing ASCL1 can be achieved by activation of Notch1, which has been shown to negatively regulate ASCL1 in both normal neural and neuroendocrine development and in neuroendocrine tumorigenesis. [28] [29] [30] [31] [32] [33] [34] [35] This knowledge led us to investigate the ability of the Notch1-activating drug chrysin to reduce ASCL1 expression and thereby inhibit neuroendocrine phenotype in carcinoids. Notably, the anticancer agent chrysin, a biologically active flavonoid, has been shown to activate Notch1 expression in non-neuroendocrine tumors such as anaplastic thyroid cancer and concomitantly inhibit their proliferation. 39 Taken together, we surmised that chrysin would block ASCL1 expression in carcinoids while inhibiting cell growth. Finally, we sought to demonstrate whether direct ASCL1 silencing would diminish carcinoid cell viability and neuroendocrine marker production.
In this study, we show that chrysin exerts an antiproliferative effect on both BON and H727 carcinoid cell lines while concurrently inhibiting ASCL1 transcription and translation. We also demonstrate that NOTCH1 gene transcription is steadily induced with increasing doses of chrysin. This corroborates previous findings that Notch1 activation, in this case by chrysin administration, drives ASCL1 suppression in a neuroendocrine context. Given ASCL1's inextricable link to the neuroendocrine phenotype, we expected to see a reduction in the expression of neuroendocrine marker expression. Indeed, chrysin treatment resulted in a dose-dependent decrease in the neuroendocrine marker CgA alongside ASCL1 inhibition.
Accruing evidence has suggested that chrysin's antiproliferative effect is due to its ability to both halt cell-cycle transit and induce apoptosis. [37] [38] [39] [40] [41] [42] [43] [44] Though this has not been demonstrated in carcinoids or any neuroendocrine-derived cancers, it has been repeatedly reported that carcinoid cell growth inhibition via apoptosis or cell-cycle arrest is invariably accompanied by a reduction in ASCL1 expression. 27, [47] [48] [49] [50] [57] [58] [59] 67 Having established chrysin's ability to suppress ASCL1 in two carcinoid cell lines, we expected an effect on cell-cycle kinetics and the apoptotic cascade in BON cells following exposure to chrysin. Our results show that chrysin impedes cell-cycle transition during the S/G2 phase while activating p21
Waf1/Cip1 and reducing cyclin D1 expression. Furthermore, chrysin activated the apoptotic cascade indicated by a cleavage of caspase-3 and PARP and an increase in apoptotic gated cells following PE Annexin/7-AAD staining. The observed G2 phase arrest during cell-cycle progression has also been observed in esophageal adenocarcinoma and colorectal carcinoma cell lines subjected to chrysin treatment, alongside an increase in p21
Waf1/Cip1 expression as well. 68 Notably, the identical effect on p21
Waf1/Cip1 expression has also been observed in a melanoma cell line, wherein chrysin administration increased p21
Waf1/Cip1 promoter activity and also initiated apoptosis. 41 Chrysin's ability to induce p21 Waf1/Cip1 may partly underlie its growth-suppressive effects, given that this enzyme inhibitor gene functions as a suppressor of cyclin-dependent kinase 2, an essential protein during cell-cycle transition. 52, 53 Furthermore, chrysin's ability to reduce cyclin D1 expression is important as this gene promotes oncogenicity and is overamplified in a variety of cancers. [69] [70] [71] [72] Chrysin also caused an increase in the phosphorylation of cdc2 at Tyr15. During the cell cycle, cdc2 dephosphorylation at Tyr15 and Thr14 is required for mitotic transit to occur. [54] [55] [56] Hence, chrysin's ability to increase cdc2 phosphorylation at Tyr15 strongly indicates a drug-induced cell-cycle arrest.
We next investigated the effect of direct ASCL1 inhibition using siRNA gene silencing on BON cell proliferation and neuroendocrine marker expression. Given that ASCL1 depletion using antisense oligonucleotides erased the neuroendocrine phenotype in small cell lung cancer, we expected that blocking this gene's expression in BON cells would reduce neuroendocrine marker levels. 12 Furthermore, as Notch1-induced ASCL1 suppression has been shown to reduce cell proliferation in carcinoids, we anticipated that direct ASCL1 silencing would reduce BON carcinoid cell proliferation as well. 28 Indeed, we observed a significant reduction in relative cell growth following prolonged ASCL1 silencing. ASCL1 knockdown also suppressed CgA and SYP expression. As neurosecreted markers, both CgA and SYP are strong indicators of the neuroendocrine phenotype, together serving useful both diagnostically and prognostically. [60] [61] [62] We were able to show that the degree of CgA reduction was proportional to the level of ASCL1 silencing, implying that ASCL1 tightly regulates CgA expression. Findings from this study also suggest that ASCL1 affects BON cell-cycle progression. Because p21 Waf1/Cip1 is a known inhibitor of cyclin-dependent kinase activity and responds to the tumor-suppressor p53, its induction following ASCL1 suppression signifies the occurrence of cell-cycle arrest. This along with the observed induction in the tumor suppressor p27
Kip1 and reduction in cyclins B1 and D1 collectively suggest that the growth-inhibitory effect from silencing ASCL1 may be due to an alteration in cell-cycle kinetics.
In summary, this report illustrates that chrysin suppresses ASCL1 gene expression and reduces BON and H727 cell proliferation through initiating apoptosis and cell-cycle arrest. Moreover, our findings affirm past reports that ASCL1 expression is an intrinsic feature of the neuroendocrine phenotype and that, when suppressed, can alter expression of bioactive hormones CgA and SYP while arresting cell-cycle progression. Chrysin's ability to illicit antiproliferative effects in BON and H727 may not only be rooted in its ability to diminish ASCL1 but may also involve parallel downstream events. This may be true as direct ASCL1 suppression was unable to achieve a growth-inhibitory effect commensurate to that of chrysin, implying that, while ASCL1 may be central to chrysin's downstream targets, other pathways may be involved as well. Some investigators have taken to exploring more specific derivatives of chrysin in order to enhance its potency while preserving the properties of its parent drug. 73 To this vein, understanding downstream intermediaries specific to neuroendocrine cancers such as ASCL1 may also offer ways to enhance the observed therapeutic effect. These studies justify future investigations into the role of ASCL1 and validate its candidacy as a potential therapeutic target for carcinoids.
